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ABSTRACT

PURPOSE

The aim of this project is to develop a prototype
of a miniaturized system able to perform blood
flow and pulse-oxymetry measurements on a
fingertip. The motivation is to monitor the
evolution of those parameters in the astronauts'
fingers, since they suffer from injuries in this part
of the body when they carry out extra-vehicular
activities in space. By integrating such a
measurement system in their suit, it could be
possible to understand and quantify this
phenomenon, and maybe avoid further injuries to
their fingers. Therefore, the system has to meet
several requirements such as compact size, low-
power, ease of operation, and wireless
communication.

APPROACH

The measurements are based on the non-invasive
Laser Doppler Flowmetry and pulse-oxymetry
techniques. The use of a laser beam which is
shined on the skin, scattered within the tissues,
reflected out of the body, collected and finally
analyzed, has been demonstrated to be an
appropriate method for this purpose: the use of
the laser light is totally painless, very sensitive,
and appropriate to this kind of in-vivo
measurements.

DEVELOPMENT

A prototype system made of two laser sources, a
miniaturized probe, a photodiode, several fiber
optics and a customized electronic circuit board
responsible for managing the whole system and
to compute the data has been developed. A
standard laptop computer displays the results and
controls the system through a wireless
transmission using the Bluetooth technology.

The main features of this system are the low
power  consumption, the small space
requirement, the portability and the ability to
communicate wirelessly with a remote laptop.

CONCLUSION

The initial engineering tests show that the system
is functional. However, detailed testing in humans
needs to be performed.
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1 INTRODUCTION

1.1 PURPOSE

When astronauts carry out extra-vehicular activities (EVA) in the space, they are
exposed to a severe environment consisting of, among other things: abrupt
temperature changes due to the orbit the astronauts follow around the Earth (the
temperature can be as high as 85 °C when the astronauts are facing the sun, or as
low as -130 °C when they are over the shadowed side of Earth), lack of oxygen
due to the absence of atmosphere, and high levels of radiation since, as opposed
to every living being on the Earth, they are not protected by the ozone layer.
Therefore, the astronauts must wear specially designed suits for their protection
against these phenomenas, which must also allow them the required flexibility
and level of mobility to perform the assigned tasks. For this purpose, the EVA
mobility unit suits (EMUs) are commonly used. The EMUs are made of a variety of
different synthetic polymers (nylon, neoprene, mylar, gortex, kevlar, nomex), and
they provide the basic elements for life support such as oxygen, temperature
control, pressurized enclosure, carbon dioxide removal, and protection from Picture 1

sunlight, solar radiation and tiny micrometeroids. EVA mobility unit suit

Despite the high-technology EMUs, fatigue and discomfort can occur in the fingers of astronauts during the
space walks outside the orbiting spacecrafts. After several hours of EVA, the fingers of the majority of the
astronauts present bruises and a deep pain is felt in this part of the body. This temporary situation is usually
resolved once the astronaut is back in a normal environment (such as the inside of the space station),
without any intervention. This fact remains to date unexplained, although several hypotheses have been
expressed: one conjecture is that, despite the insulation and protections within the astronauts’ suits, the
severity of the environment (particularly the coldness) causes restricted blood circulation in their
extremities, which consequently can cause fatigue.

There is therefore a critical interest in monitoring the blood circulation in the capillaries of the astronauts'
distal fingertips during missions. First of all, being able to quantify different parameters such as the blood
volume, the blood flow or the oxygenated hemoglobin rate in this part of the body could help to understand
if these discomforts are really related to the blood circulation, as mentioned in the previous hypothesis; if it
is correct, these parameters would clearly represent how serious this phenomenon is. The collected data
could then be used to develop better countermeasures to help the astronauts avoid further discomfort or
even injuries to their fingers. Having a real time measurement of the blood circulation during EVA's could
offer important advantages like, for instance, relating the evolution of the monitored parameters to the
astronauts' conditions (facing the sun or in the dark, moving or staying still, bending the fingers or not, etc.),
or, more than just understanding the phenomenon, taking some decisions during the mission in order to
limit the impairing to the astronauts' fingers.

This project is based on the development of a prototype for such measurement system. Obviously, before
the flight model is approved, the concept will be modified, optimized and tested step by step on Earth; this
document shows how the first embedded system has been created and which technologies are used, as
well as the results obtained after the first tests. Considering its peculiar use, it has to meet several
requirements that are enumerated in the next section.

March 2008 INTRODUCTION 1
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1.2

SYSTEM REQUIREMENTS

The aim is to develop a portable, miniaturized system able to measure the blood circulation (blood volume,
velocity and flow) as well as the oxygenated hemoglobin rate in the distal fingertips. Its design, especially
the place of each component and interconnections between them, has to be well considered so that it can
be embedded in the astronaut suit.

This system has to satisfy the following points:

The method used for the measurement has to be non-invasive, based
only on the contact with the skin. The inner glove of the astronaut system
can eventually be modified, but the outer glove has to be kept unchanged
since it consists of the main protection of the hand; therefore, the sensors
have to be very tiny so that they can fit in the glove.

The other components of the system can be placed within the display and
control module (located on the belly) or within the backpack (hard upper
torso part of the suit); even though the exact dimensions of the system
and its placement within this box are not the main concern so far, its volume has to be kept as small
as possible. Details about the different EMU's parts are shown in appendix 1.

Picture 2
Glove of an EMU

The power consumption has to be kept as low as possible, since the available energy is clearly
limited, and the system cannot be fond of it. There are no particular voltage requirements for the
main power input of the system: this part will be adapted on later.

The results of the measurement have to be displayed on a control unit in real time, and these data
have to be stored for further analysis.

The astronaut, while executing his tasks during the mission, will not be able to monitor the results
of the measurement by himself. Therefore, the system has to be remote controlled, so that
somebody else can supervise the measurement and watch the results. Since a physical connection
between the astronaut and the environment nearby is not available, the system has to
communicate wirelessly with the remote control unit. The existing wireless communication system
that is currently used to transmit data between the astronaut and space shuttle cannot be used: a
totally independent transmission system has to be developed for this purpose.

Most of the requirements above don't mention any Wireless transmission

absolute value (e.g. dimensions, power consumption).
This offers more freedom for the development of the
system and avoids spending too long on these points
which can be solved afterwards: first, the system has to
prove that such measurement done by an embedded
system is reliable; then its integration can be thoroughly
studied and optimized.

Since this model is a first prototype and is therefore not
going to fly, the conception restrictions and required
robustness and immunity related to the space
environment are not applicable.

Figure 1
Expected configuration of the system

March 2008 INTRODUCTION 2
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1.3  APPROACH

In order to perform non-invasive measurements, the use of a laser beam which is shined on the skin,
scattered within the tissues, reflected out of the body, collected and finally analyzed, has been
demonstrated to be an appropriate method for this purpose: the use of the laser light is totally painless,
very sensitive, and appropriate to this kind of in-vivo measurements. Several laser-based measurement
techniques have been studied for many years at NASA Glenn Research Center (Cleveland, Ohio), which
provides a strong basis and deep knowledge as a starting point for this project.

One possibility to quantify the blood circulation in the astronauts' fingers is to measure the hemodynamic of
the capillaries in their fingertips; therefore, laser Doppler flowmetry (LDF) has a significant potential. In
order to determine the oxygenated hemoglobin rate, the pulse-oxymetry technique will perfectly
complement the LDF since it requires some features that are also needed for the LDF measurement.

The Doppler shift effect, caused by the reflection of the light on red blood cells, can be used to detect the
volume, velocity and flow of the blood. This method has been successfully developed, e.g. by Martial H.
Geiser and al., in the foveal region of the human choroidal vascular system [1]. A pilot study [2] provides
sufficient evidence that the LDF measurements are suitable for monitoring microcirculation in the distal
fingertips; the experimental setup consisted of a laser emitter, detector, support mount for the test
subject’s finger, and a computer controlling the data acquisition system. The aim of a previous project was
the miniaturization of the probe [3], which involved the design of a fiber optic based system that offers the
possibility to mount larger components further away from the sensor.

The pulse-oxymetry technique is appropriate to determine the oxygenated hemoglobin rate: it is based on
the differential optical density of red and infrared light as projected through a vascular bed and calculates a
ratio of the optical densities (since red and infrared light absorption characteristics of oxygenated and
deoxygenated hemoglobin are different). Utilizing the optical density ratio, an arterial oxygen saturation
(Sp0,) value is empirically reported based on the ratio obtained.

As required, a probe able to fit in the glove could be developed: its aim is to assure good contact with the
skin so that the laser light can penetrate the finger in the desired position, and the reflected light is
collected. All the other components of the system could be placed further away, within the display and
control module or within the backpack. That's why several fiber optics will connect the sensor with the rest
of the system, particularly the laser source(s), which provides the original, pure laser light, and a
photodiode, responsible of converting the collected light into an electrical signal, which can be processed
afterwards. The work done in the previous project [3] consists of a very useful background for this part of
the development, as well as for the LDF measurement.

Another electronic part should also take place within the display and control module or backpack: it actually
consists of the major development of the project, and the "brain" of the system. It would complement the
photodiode, it would process the electrical signal coming out of it, and it would transmit the resulting data
wirelessly to the remote controller. This electronic part should also be able to control the lasers and
obviously, manage its own operations. The choice of the components used for this part of the system must
be carefully considered, so that the power consumption can be minimized; in order to reduce the space, as
many as possible surface mounted devices (SMDs) components would be chosen and finally assembled on a
customized printed circuit board (PCB). However, the fact that the laser sources, the photodiode and the
processing board are remotely located and connected to the fingertip-probe by fiber optics, offers a lot
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more possibilities for its mechanical design (having placed it in the arm, for instance, would result in too
many restrictions).

The Bluetooth standard is a low-power wireless technique which is able to achieve a perfect transmission
within a distance of 10 meters at least. It is relatively easy to integrate and moreover, most of the laptop
computers possess it now. It makes it a good option for transmitting the data in this application, and could
allow the system (and therefore the astronaut) to be connected to whatever laptop or computer located at
a reasonable distance from him. This wireless transmission standard should have enough capabilities to fit
the data transmission rate requirements, as well as the expected real-time display.

Finally, if the Bluetooth integration can be considered, the control application, responsible of displaying the
results of the measurements and controlling the embedded system, could be developed in a commonly
used programming language based on a Microsoft Windows environment; this could avoid any other
unnecessary financial expenses since it's not a problem to find an already existing and available laptop or
desktop computer, which doesn't need to satisfy any special requirements (even if the Bluetooth is not
integrated in it yet, a quite cheap external module can simply be plugged in).

As a first step, the miniaturizing of the lasers as well as the photodiode will be left aside: tiny, portable
lasers do already exist and could be used without any modification as a starting point for the system; some
existing photodiode modules are available in the laboratories and are satisfactory enough to begin with.
Therefore, the main concern is the measurement processing as well as the wireless transmission, both of
which have to be totally developed, as shown in figure 2. Some work has to be done on the probe design
and the corresponding fiber optics too. Therefore, the work will start by several tests which will provide a
useful background to design this system, customized for this very particular application.

Astronaut

Laser sources

Bluetooth wireless
transmission

Fiber
optics

Glove /

% Photodiode Measurement process.

A
4

Fingertip

Display / control module or backpack

Measurement contraN

Figure 2
Principle scheme of the system to develop
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2 LASER DOPPLER FLOWMETRY AND PULSE-OXYMETRY

2.1  PRINCIPLES OF LASER DOPPLER FLOWMETRY

2.1.1 Introduction

Light is capable of measuring the velocity of the red blood cells even at the slow

speeds with which they move through capillaries; laser Doppler blood flowmetry
thus uses the upper visible range and the near-infrared light (600-1'200 nm) to

measure tissue perfusion by exploiting the Doppler shifts that moving red blood N
cells impart to light [4]. The spectral purity of the laser makes it practical to detect _
the slight frequency shifts produced by the interactions between photons and \/

moving red blood cells.

Figure 3
The laser light is typically delivered to the tissue and returned to a detector by fiber | ser Doppler measurement

optic light guides. Light in the tissue is diffusely scattered by stationary tissue. This of tissue perfusion
light reaches the detector without being Doppler-shifted. Photons that encounter
moving red blood cells experience a Doppler shift, as shown in figure 3.

2.1.2 Fundamentals of the Doppler effect

Figure 4 illustrates the Doppler effect as it applies to sound waves. Figure 4a depicts a stationary source of
sound emitting a particular frequency and a listener located at some distance from the source. If both
listener and source are stationary, the listener receives C-T/A waves in T seconds, where C is the speed of
sound and A is the wavelength. Figure 4b illustrates the situation in which the listener will receive an
additional v,-T/A4 waves in time T due to his movement at the velocity ;. Because the frequency that the
listener experiences (f,) is simply the number of waves per unit of time,

(S +2%0) (4w
T T2

fo=

The frequency at the source that the listener hears when stationary is just f; = C/A. The difference between
the two perceived frequencies defines the Doppler frequency shift (f,), which can be expressed as

fd=fo—fs=fs(1+%)_fS=ULC'fs
TN

(e < .
Figure 4
Acoustic example of the elementary Doppler principle

et ——f—— o ——+
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For sound waves, the motion of the source has a different Doppler shift frequency to the same motion on
the listener's part. In other words, it is not just the relative motion between source and listener that is
important, but which of the two is in motion. In addition, as the velocity of the source approaches the
velocity of sound, the Doppler shift frequency becomes infinite. On the other hand, the situation is
fundamentally different for Doppler effects with light. The difference can be explained in terms of Einstein's
theory of relativity, which states that the speed of light is a constant in all reference frames. Light needs no
material medium for its propagation, and its speed relative to the source or observer is always the same.
Therefore, it is only the relative motion between the observer and the source that determines the Doppler
shift frequency. Thus,

L) |
1- (vos/c)z

fo= [fs
Where Cis the velocity of light and v, is the relative velocity of the source with respect to the observer.

—fs

This equation can be applied to light entering tissue, but two other factors must be considered. If light hits a
stationary object and is reflected directly to a receiving detector, the returning light will have the same
frequency as the emitted light. However, if the returning light has reflected from an object in motion, such
as a red blood cell, the returning light will undergo a Doppler shift that is twice that predicted by the
equation. The reason is that the structure reflecting the light acts as both the observer and the source.
Because the red blood cell is in motion, the transmitted frequency it receives is Doppler-shifted according to
the equation, and the reflected light that leaves the red blood cell is shifted again because the red blood cell
also acts as a source in motion relative to the stationary receiver. The second factor to consider is that only
the component of the velocity vector directed toward or away from the receiver (observer) contributes to
the Doppler shift frequency. Thus, for direct backscattering, one must actually scale the frequency shift by
the cosine of the angle between the red blood cells' velocity vector and the line connecting the object to the
receiver. Although the Doppler shifts imparted to light by moving red blood cells are quite small compared
to the frequency of light, the method is practical because of the spectral stability of laser light.

2.1.3 Theory of Doppler measurement

The classical Doppler effect is normally experienced as the increase of the pitch (or frequency) of a train
whistle as it moves towards the observer, and a decrease as it moves away. Doppler ultrasound techniques
are easily explained by this analogy: an ultrasound wave principally moves on a straight path through tissue
(as does sound in air), and a small fraction is scattered back (i.e., reflected) toward the source by moving red
blood cells. If the cell has a velocity -V, in the direction of the source of the ultrasound and its detector, the
ultrasound frequency will be shifted to lower frequencies by an amount Af = 2-v/A, where A is the
wavelength of the ultrasound in the tissue. Thus a Doppler ultrasound probe is sensitive to motion in a
specific direction, and it can record the distribution of velocities in that direction. Because the wavelengths
of the applied ultrasound field are 0.1-0.3 mm, the relatively high velocities of blood cells moving in large
vessels (3-150 cm/s) result in frequency shifts between 100 and 10'000 Hz. However, the velocities in
capillaries are significantly lower (about 1 mm/s), so the shifts they produce are immeasurably small (about
5 Hz).

March 2008 LASER DOPPLER FLOWMETRY AND PULSE-OXYMETRY 6
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For particles suspended in a clear fluid, the laser Doppler
backscatter techniques give frequency shifts from which
distributions of particle velocities can be determined. Because
the wavelengths of light are approximately 500-fold smaller
than ultrasound wavelengths, the corresponding Doppler
shifts are 500 times greater. More generally, the Doppler
shifts of scattered laser light are determined by the speed of
the particle, a scale factor, and the cosine of the angle
between the velocity direction and the direction of the Bragg
scattering angle.

This light which is Doppler shifted, is optically mixed with the
light which has been scattered by the static structural {
components as show in figure 5, and detected by a photo Figure 5

detector. Only 1%. to 1% of the detected light has been s.icmatic diagram of light diffusing through
Doppler shifted; the remainder of light that has not been vascularized tissue

Doppler shifted acts as a reference signal.

The photodetected voltage is analyzed according to the scheme developed by Bonner and Nossal [6] to
obtain the LDF parameters:

Blood volume = " ! 5 J.P(f)df = [%]

DC
Blood speed = % = [Hz]

Blood flow = Blood volume - Blood speed = ! -ff -P(f)df = [Hz . K]

p Ay = V2

Where P(f) df is the power spectrum and Apc the voltage of the analyzed signal.

The blood volume in the detected section is expressed in W/V?; the blood speed has a unit of Hz and is
proportional to the mean speed of the blood within the volume sampled by the laser light. Finally, the blood
flow, which is the product of the two other values, is expressed in Hz-W/V2. The detected light contains
Doppler shift frequencies which can be positive or negative, depending on the direction of movement of the
red blood cells with regard to the event and scattered light directions.

In order to apply the LDF theory to the real measurements, it is first necessary to filter out the low-
frequency artifacts due to the tissue motion (e.g., a subject's breathing, muscle twitch, motion of the probe
relative to the tissue). Several instruments therefore utilize the following algorithm to calculate the effective
Doppler-shift frequency (see figure 6):

307/000Hz w
Blood flow = ~—; f F-P(F)df = [Hz-—
3

2
DC 0Hz |4
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30,000 Hz
|
|

3 I
o |
Motional Artifacts |
|
|
|
|
w=2nVv
Figure 6

Schematic representation of the power spectrum of the detected
photocurrent, showing 30 Hz and 30 kHz cutoffs

2.2  IMPLEMENTATION OF THE LDF IN THIS APPLICATION

In this work, the interest is to apply the method described above to measure the three blood parameters
(volume, speed, flow) on a fingertip.

The wavelength of the laser source determines the depth the light S
goes into the skin, and therefore the probability that a photon is
absorbed by the tissue depends on this very wavelength. The
useable wavelengths for the measurement on a fingertip are B
located between 600 and 1'200 nm; this is named the therapeutic ~——
window for the tissue.

After being transformed in an electrical signal, the scattered light
presents a different behavior depending on which part of the body Figure 7
is analyzed. The expected signal to process has therefore a schematic of typical signal detected with a

particular shape after the scattering into the fingertip tissue as laser Doppler flowmeter
shown in figure 7. (photodiode voltage versus time)

A previous project [3] showed a system with a configuration that was able to achieve good results for such a
measurement: among other things, it recommends to use a high-stability laser with a wavelength of
780 nm, and a core-to-core fiber separation of 3 mm. Other technical details are explained in chapter 3.1.1
since this existing project will serve as a background for further development.

March 2008 LASER DOPPLER FLOWMETRY AND PULSE-OXYMETRY 8
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2.3 PRINCIPLES OF PULSE-OXYMETRY

The principle of pulse-oxymetry is based on the red and infrared light absorption characteristics of
oxygenated and deoxygenated hemoglobin. Oxygenated hemoglobin (HbO,) absorbs more infrared light
and allows more red light to pass through, while deoxygenated (or

reduced) hemoglobin (Hb) absorbs more red light and allows more " goonm Stonm’

infrared light to pass through, as shown in figure 8. Red light is in the III
600-750 nm wavelength light band, near-infrared in the 850-1'000 \\

nm. \ \‘x}r_____:_ —Hboy
=

The wavelength at which the two substances absorb the same

amount of light is called isosbestic point. The isosbestic point of "
oxygenated hemoglobin and deoxygenated hemoglobin occur at 805 o , , , . Wavelength (m)
nm. This point may be used as a reference point where light 600 700 %00 1000
absorption is independent of the degree of saturation. Thus,

comparison of absorbancies at different wavelengths allows Figure 8

estimation of the relative concentrations of HbO, and Hb. Modern Relative absorption of red and infrared light

pulse-oxymeters may use two or more wavelengths, not necessarily PV ©xy-2and deoxygenated hemoglobin
including an isosbestic point (absorption coefficient versus wavelength)

After the transmitted red (R) and infrared (IR) signals pass through the measuring site and are received at
the photodetector, the R/IR ratio is calculated. This ratio is compared to a "look-up" table (made up of
empirical formulas) that converts the ratio to a SpO, value. Typically R/IR ratios are shown in the table 1
below.

R/IR ratio SpO,
A 0.5 100%
Ratio = A—f - % SpO0, 1.0 82% Table 1
i 2.0 0% R/IR ratio to SpO, conversion

2.4 IMPLEMENTATION OF THE PULSE-OXYMETRY IN THIS APPLICATION

The idea is to combine both the LDF and pulse-oxymetry measurements in this system. The principle
mentioned in the previous section has proved its abilities to measure reliable values for the oxygenated
hemoglobin rate: several instruments based on this process are commercially available.

Since the pulse-oxymetry technology requires two different wavelengths, a good option could be using the
already existing LDF wavelength along with a second one belonging to the visible red range. This will also
require a particular optical configuration, since the laser light coming from two different sources has to be
emitted by one single common emitter on the finger.

The wavelength used for the LDF measurement (780 nm) is located in the near-infrared range, which is
quite close to the isosbestic point of figure 8. Therefore, given the limited choice to the existing lasers
available in the laboratory, complementing the LDF wavelength with a red laser of 635 nm wavelength
should return good results, considering that the absorption of those two lights is definitely different
according to the graph of figure 8.

March 2008 LASER DOPPLER FLOWMETRY AND PULSE-OXYMETRY 9
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3 DESIGN AND DEVELOPMENT OF A NEW SYSTEM

3.1 BACKGROUND

3.1.1 Existing blood flowmeter

In 2006, a desktop computer-based system able to perform LDF measurement was developed in Dr. Ansari's
laboratory at NASA Glenn research center [3]. It is made up of, among other things:

e A 780 nm laser, featuring user-selectable output power (max 5 mW), and a high ———
stability (wavelength variation < 0.1 nm; output power stability < 0.025 dB); this S
point is critical since the frequency shift is used to derive the LDF parameters. B =

s o
e Aclip-probe, where the contact between the fibers' termination and the skin is
assured and both emitter and receiver fibers are separated by a core-to-core

distance of 3 mm.

Picture 2

Clip-probe
® An avalanche photodiode module with a photosensitive area of & 3 mm and a
sensitivity of -150-10° V/W

e Two multimode fiber optics with FC/PC terminations and a core diameter of 50 um.

e A PCl-bus acquisition card, dedicated to the conversion of the analog signal coming out of the
photodiode to a numerical signal that the computer can process. The analog signal is sampled at a
frequency of 242 kHz and converted with a resolution of 16 bits over a 2V range.

e A desktop computer for the processing of the data and the visualization of the results

| . . .
Software ! Electronic I Optical I I Mechanical
== roe ! !
nterface I p Suppl .
. 1 L Y 1 I

|

|

I Storage I

I | Laser driver |—P| Laser . I

LDF Analyse I I T1

I Probe I Sample
+ 1l | 1

| Data acquisition 4—{ APD Module H Detector | I

|

R | IR || S § R

Figure 9
Block diagram of the computer-based system
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The distance between the core of the two fibers affects the number of times that a photon can be shifted:
using a small separation, the light will not penetrate very deep inside of the tissue and most of it will be
reflected without striking any moving cell, and without a significant loss of power, therefore the photodiode
can be saturated; an excessive distance between the emitter and receiver can result in photons to be
shifted multiple times, which means that the analysis will be unable to calculate meaningful results, since
the LDF theory assumes that the photon is shifted once only. Good results were achieved by using a
separation of 3 mm core-to-core.

In order to compute the power spectrum of the analyzed signal, a fast Fourier transform (FFT) routine was
executed on each block of 2** (16'384) samples provided by the external acquisition card. Therefore, the
result of each calculated parameter is updated at a rate of 14.77 Hz, which provide a good real-time
displaying. The processing and displaying software has been developed with LabView 7.0.

oppler riowmetry >ortware
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Figure 10
Display of the existing system, while taking a measurement
on the fingertip. Voltage of photodiode, blood volume, speed
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R | | 11110 and flow, as well as heart beat (external sensor) are
9.000E-1 ~755 i v i O s i i T i i3 0 i 0 0 1

graphically display over the time.

01.000E+0 .

3.1.2 Available components

Some electronic components to be used in a previous system had already been purchased before the
beginning of this project. The previous system did not offer the desired results, and in order to save time
and money it was decided to re-use them in the new project, since in theory they met the necessary
requirements. They are principally amplifiers, filters, regulators, but particularly:

e A digital signal processor from Microchip, dsPIC33F series, with development board and
corresponding softwares

* A Bluetooth module from Sena, Parani ESD-200, with interface board and corresponding software
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3.1.3 The Bluetooth technology

Basics

Bluetooth wireless technology is a short-range communication system intended to replace the cables
connecting portable and/or fixed electronic devices. The key features of Bluetooth wireless technology are
robustness, low power, and low cost. The Bluetooth core system consists of an RF transceiver, the
baseband, and the protocol stack. The system offers services that enable the connection of devices and the
exchange of a variety of data classes between these devices.

The Bluetooth RF (physical layer) operates in the unlicensed ISM band at 2.4GHz. The system employs a
frequency hop transceiver to combat interference and fading, and provides many FHSS carriers. RF
operation uses a shaped, binary frequency modulation to minimize transceiver complexity. The symbol rate
is 1 Megasymbol per second (Msps) supporting the bit rate of 1 Megabit per second (Mb/s) or, with
Enhanced Data Rate, a gross air bit rate of 2 or 3Mb/s. These modes are known as Basic Rate and Enhanced
Data Rate respectively.

The Bluetooth system operates in the 2.4 GHz ISM band. This frequency band is 2'400 — 2'483.5 MHz. The 79
RF channels are ordered from channel number 0 to 78 and are spaced of 1 MHz beginning at 2'402 GHz. The
radio frequency tolerance of the transmitter is fixed at £75 kHz from the center frequency f..

In order to comply with out-of-band regulations in each country, a guard band is used at the lower and
upper band edge: the lower guard band is 2 MHz and the upper is 3.5 MHz.

Power classes

The following table shows the power requirements for each of the 3 existing power classes for Bluetooth:

Power | Max. output power Nominal output power | Min. output power* Power control Operating
class | Pmox P rin range
Poin (<4 dBm) to P
1 100 mW (20 dBm) (not assigned) 1 mW (0 dBm) m'",( ) t0 Proay 100 meter
Optional: Ppin** t0 Prax
2.5 mW (4 dBm) 1 mW (0 dBm) 0.25 mW (-6 dBm) Optional: Ppin** to Prax | 10 meter
1 mW (0 dBm) (not assigned) (not assigned) Optional: Ppin** to Prax | 1 meter
Table 2

* minimum output power at maximum power setting
** the lower power limit P,,;, < -30dBm is suggested but is not mandatory

Power class 1 devices implement power control. The power control is used for limiting the transmitted
power over +4 dBm. Power control capability under +4 dBm is optional and could be used for optimizing the
power consumption and overall interference level.

On the receiver side, the actual sensitivity level is defined as the input level for which a raw bit error rate of
0.1% is met; the receiver sensitivity shall be below or equal to -70 dBm with any Bluetooth transmitter.
Therefore, it can operate over a distance of 10 meters or 100 meters depending on the Bluetooth device
class.

March 2008 CHARACTERIZATION OF THE SYSTEM 12
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Bluetooth baseband

The Bluetooth baseband is the part of the Bluetooth system that specifies or @ws  @su ‘,’
implements the medium access and physical layer procedures between @ ‘l ,0"----1
Bluetooth devices. Two or more devices sharing the same physical channel 6 o é ° ¢

form a piconet. One Bluetooth device acts as the master of the piconet, P ..'" °
whereas the other device(s) act as slave(s). Up to seven slaves can be activein i 6 o
the piconet. Additionally, many more slaves can remain connected in a

parked state, as shown in figure 11. Figure 11

Piconets with...
Data is transmitted over the air in packets. The symbol rate for all modulation a single slave operation (a),

schemes is 1 Msps. The gross air data rate is 1 Mbps for basic rate. Each @ multisslave operation (b),
Bluetooth device is allocated a unique 48-bit Bluetooth device address a scatternet operation (c).
(BD_ADDR) obtained from the IEEE registration authority. The general basic

rate packet consists of 3 entities: the access code, the header, and the

payload, as shown in figure 12.

ACCESS
I CODE HEADER PAYLOAD |

Figure 12
Standard basic rate packet format

In order to use Bluetooth wireless technology, a device must be able to interpret certain Bluetooth profiles.
The profiles define the possible applications. Bluetooth profiles are general behaviors through which
Bluetooth enabled devices communicate with other devices. Bluetooth technology defines a wide range of
profiles that describe many different types of use cases. By following a guidance provided in Bluetooth
specifications, developers can create applications to work with other devices also conforming to the
Bluetooth specification. At a minimum, each profile specification contains information on the following
topics:

® Dependencies on other profiles

e Suggested user interface formats

e Specific parts of the Bluetooth protocol stack used by the profile. To perform its task, each profile

uses particular options and parameters at each layer of the stack. This may include an outline of the
required service record, if appropriate.

Among many others, one of the existing profiles is the Serial Port Profile (SPP). It defines how to set up
virtual serial ports and connect two Bluetooth enabled devices. A scenario would be using two devices, such
as PCs or laptops, as virtual serial ports and then connecting the two devices via Bluetooth technology.

The SPP defines two roles, Device A and Device B. The first one is the device that takes initiative to form a
connection to another device (initiator), and the second one is the one that waits for another device to
make initiative to connect (acceptor).
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In the figure 13, the baseband, LMP and L2CAP are the OSlI layer 1
and 2 Bluetooth protocols. RFCOMM is the Bluetooth adaptation of
Application A | ~ Aplication8 | GSM TS 07.10, providing a transport protocol for serial port
Serial port Serial port emulation. SDP is the Bluetooth Service Discovery Protocol. The port

emulation or other API emulation or other API . . . . . .y
e emulation layer is the entity emulating the serial port, or providing an
API to applications. The applications on both sides are typically legacy

PROFILE STACK: PROTOCOL MODEL

= . s applications, able and wanting to communicate over a serial cable

(which in this case is emulated). But legacy applications cannot know
about Bluetooth procedures for setting up emulated serial cables,
which is why they need help from some sort of Bluetooth aware

Connection between two devices A and B helper application on both sides.
with the SPP profile

Figure 13

3.1.4 Preliminary measurements on the photodetected signal

An important part of this project will be focused on the development of the processing board, including the
acquisition, conditioning and filtering of the photodetected signal. After the light is scattered in the tissue, it
is returned to a photodiode through a fiber optic, and it is converted into an electrical signal that will be
acquired and processed by the circuit board. In order to improve the signal conditioning part, and to make
the good choices for the electronic components that will be used for this part, it is necessary to analyze how
the signal coming out of the photodiode (future input of the circuit board) behaves.

A measurement according to the configuration of figure 14 has been taken on two subjects, with a laser
source from 0Z-2000 series of OZ Optics (wavelength 780 nm) and a photodiode C5460-01 from
Hamamatsu. The existing clip-probe has been used.

For each subject, the output power has been stabilized at ~18 mW first, and then at 25 mW. The details of
the experiment as well as the results obtained are shown in appendix 3.

Laser source

Control box

5VDC transformer

Fiber
optics

Clip-probe

Oscilloscope Multimeter

Photodiode

Fingertip
Laboratory power supply

Figure 14
Devices and setup used for the experiment. Refer to appendix 2 for details about the instruments and devices.
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The conclusion is that the signal to be analyzed has, during the measurement and ™ = e, e e
considering the worse case (highest voltage), a static component that can go |
down to -2.8V, and a dynamic component oscillating in the range of -300..+300 ‘;*JA WVAI#M‘% | o
mV after adding a safety margin of 10% on each value and rounding the results. ! wﬁj : oL
Figure 15 shows one of the oscilloscope screenshots obtained with this

experiment (the others are shown in appendix 3). : st

CH3 7 201
+100mY  23-Dec-07 1538 <10Hz

After comparing these results and the oscilloscope screenshots with the figure 7 Figure 15

(part fingertip) of section 2.2, a visual appreciation permits to say that the shape of gﬁf!:r?zzoﬁiﬁctﬁilihp(n
the signal has the same behavior, and the static and dynamic range are perfectly '
comparable to the sample 5 of appendix 3. The four first samples, which have

been taken at higher powers, return higher static and dynamic voltages.

The modification of a normal blood flow obtained, for example, with an occlusion or a significant
temperature variation, will alter only the dynamic part of the signal (of which range decreases), and the
static part will remain the same value.

3.1.5 Power spectrum

The LDF algorithm requires that a power spectrum is computed on the analyzed signal in order to extract
the expected parameters, as shown in figure 16. It is obtained thanks to a fast Fourier transform (FFT) (refer
to appendix 4 for a more detailed explanation of how this spectrum is obtained starting from the signal):

A 4
A 4
A 4

Photodiode Signal acquisition FFT Power spectrum

Figure 16
Different steps of the signal before being computed for the FFT and power spectrum

The quality and resolution of this power spectrum depends on the quantity of samples that are processed in
the same time for the FFT. As mentioned in section 3.1.1, the existing system uses blocks of 16'384 samples
to perform this calculation in the computer. Since this application wants the system to be miniaturized
(i.e. this calculation is going to be done by a processor for
instance), and considering that the calculation power is usually
lower in the miniaturized components compared to the BE-7-
computers, it is necessary to test if the measurement is altered éﬁE_?_

1E-6-

or still reliable when the number of samples used for the FFT is

4E-7 -
lower.
2-7-
Figure 17 shows a typical LDF spectrum. Generally, the MLL
U' B Lo s

magnitude of the power spectrum decreases as the frequency 1h 10000 20000
increases. The determination of the LDF parameters is based on Frequency

the portion of the power spectrum included between 30Hz and Figure 17

35 kHz; the range from 35 kHz to 40 kHz is used to calculate the 1 ical power spectrum representing the

noise. The part related to higher frequencies is not used in the frequency shifts after light scattering in a fingertip.
LDF process and are therefore not displayed here. It has been computed by the existing system [3].

1
30000 40000
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More details about the whole processing of the signal for this purpose will be given in section 3.2.4.

In changing the value of the corresponding variable of the software of the existing system [3], it is possible
to visually evaluate how the measurement works when the number of samples used for the FFT decreases.
The test started with the original number of samples 2** (16'384) and the exponent has been decreased by
1 until 2'° (1'024). The configuration and devices used correspond to the original one, meaning that it's
basically the same as on figure 14, with the only difference that the output of the photodiode is connected
to the acquisition card of the computer instead of the oscilloscope and the multimeter. As shown in figure
18, the quality of the measurement is a little affected (some noise is added), but is satisfactory enough.

Laser Do

Spectrum Corcroman wtienty

10000 20000 000 <e0m0
Frequny

LDF_Volume '

w/vz]
isico ]

LDF_Speed
Hz]
fo:ao )

Running Hzwv2]

LDF Flow oo

owmetry Software Dot i . TSI

Wh_
O+ =

view [] IERNR

Figure 18

Existing system taking a blood circulation measurement with
f, = 242 kHz and the FFT processed on blocks of 1'024
samples. The measurement, especially the blood flow, shows
the pulsations of the body added by a little noise compared
to the high resolution original FFT (done on 16'384 samples).
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3.2 CONCEPT

Based on the theoretical principles as well as the preview background, a new concept can now be
developed. Before going in deep into it, some scheme and preliminary calculations will be done in this
section in order to verify if the previous approach is feasible and if it really meets the requirements. Then,
some more ideas will be explored and evaluated so that a definitive principle can be decided, allowing the
further detailed design to take place.

3.2.1 Optical configuration

Laser sources

According to chapters 2.2 and 2.4, two different laser sources will be used in this application. The first one,
with a wavelength of 780 nm, will be shared by the two measurements (LDF and pulse-oxymetry). The
second one, with a wavelength of 635 nm, is only necessary for the pulse-oxymetry. Both lasers are
laboratory models (0Z-2000 series) from OZ Optics and cannot be worn or integrated in the suit. However,
they offer interesting features for a first step of the development, and the use of other miniaturized,
portable laser sources will be considered afterwards.

The output power can be controlled up to respectively 25 mW and 20 mW, which is enough for a
measurement based on the light scattering in the finger. Their high stability (wavelength variation < 0.1 nm;
output power stability < 0.025 dB) make them ideal for this application. Each output is directly fiber-coupled
(single mode fiber, 5 pm core), that is terminated by a FC/PC connector.

The operating nominal voltage is 5VDC and the control of the laser is done thanks to several digital and
analog signals, as explained in section 3.2.2.

The main weakness of the existing clip-probe is that it is definitely too big to be <«——
integrated in a glove. Another point that makes its integration difficult is that the e
fibers are placed perpendicularly to the finger.

Fingertip

Fiber optics

The idea is to develop a configuration where the fibers could be conducted
parallel to the arm, the hand, and finally the finger, before entering the probe.
The latter, composed of several mirrors, could steer the light from the fiber to Figure 19

the skin (and vice versa) by reflecting the light at 90° as shown in figure 19. The Concept for the miniaturized
source light and the scattered light will obviously be kept separated one from probe

each other.

Probe

Photodiode

The fiber optic containing the light that has been scattered in the finger conducts this luminous signal to the
photodiode, which is responsible to convert it into an electrical signal. The latter is actually an Avalanche
Photodiode (APD) Module with an active area of @ 3 mm and a sensitivity of -150-10° V/W. It has to be
powered by a very stable bipolar voltage of +12V and 0V (ground). It can connect the fiber thanks to an
originally FC/PC connector, but this one can be mechanically changed to an SMA connector, as it will be
needed in this case.
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Interconnections

All the above mentioned devices have to be connected each other using the optical fibers. A particularity is
that only one fiber has to emit both types of light in the finger (i.e. at the input of the probe), otherwise the
pulse-oxymetry measurement will not be reliable. Therefore, the light coming out from both sources have
to be conducted into one single fiber; for this purpose, a combiner with SMA termination will be used.
Figure 20 shows the setup of this part of the system:

Laser source A, 780 nm

Laser source B, 635 nm

Combiner

Fiber
optics

A 4

Frobe Figure 20
Optical connection between the laser sources,
Photodiode the probe and the photodiode

Apart from the fiber that is physically coupled with each laser, all the other will be multimode fibers. Good
results have been achieved with 50 um core, but several diameters from this value up to 600 pum will be
tested here in order to find the best compromise.

3.2.2 Lasers control

The two lasers used in this application (0Z-2000 series from OZ Optics) possess each a 9-pin DB connector,
which is used to monitor and control the laser. It can be directly connected to a control box, such as the one
used for the experiment in section 3.1.4, or to the provided connection cable which offers, on the other
side, 10 wires corresponding each to one of the connector's signals. Table 3 summarizes these connections:

Pin-nr* | Wire color 1/0 Type Designation
1 Blue Input Power supply +5V input
2 White Input Power supply +5V input
2 Red Input Power supply +5V input
3 Yellow Input Digital (OV / 5V) Laser enable
4 Green Output Digital (OV / 5V) Temperature OK
5 Orange Input Analog (0..5V) Power control
6 Black Input Power supply Ground
7 Brown Input Power supply Ground
8 Purple Output Analog LD | op (monitor)
9 Grey Output Analog PD I mon (monitor)
Table 3

Functionalities of the input and output wires of the laser of 0Z-2000 series from OZ Optics

*Refer to the user's manual of the laser to recognize the pinout of the DB connector, or use the cables' colors
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The red and black wires are not naked, but terminated by a 2.1 mm in-line power jack; this offers the
possibility to supply the laser through this connector, using ideally a power supply such as the 5V
transformer used in the experiment of section 3.1.4.

After being powered, the laser requires several seconds to warm up. When it is ready to operate, the digital
output Temperature OK is tied up at 5V; it is at OV in the opposite case.

Once the laser is ready to operate (after warming up completed), it can be enabled or disabled by applying a
voltage of respectively 5V or OV on the digital input Laser enable.

The light power can be modulated thanks to the analog Applied voltage on pin 5 Light power at the output
input Power control. The light power increases or ov 20 mw
decreases linearly in its own range, according to the 1V 16 mW

. . 2V 12 mW
voltage applied on the analog input. However, the av 2w
relation between the electrical signal and the output v, 0 mw

power is inverted. For example, the output power of
the 635 nm laser (max power 20 mW) has to be
controlled according to the relationship in table 4.

Table 4
Example to control the light power of a 20 mW laser of 0Z-2000
series from OZ Optics

In this application, the laser will be powered by the

external 5V transformer through its jack connector. The other alternative power wires (such as blue and
brown) will be used to provide the power to the rest of the system (processing board and photodiode after
voltage conversion). Each laser will be controlled by the future processing board: the latter will be able to
monitor the temperature of the laser, to enable or disable it, and to module its power respectively through
the signals Temperature OK, Laser enable and Power control.

Pins 8 and 9 are advanced features that are not used in this application.

3.2.3 Signal conditioning

According to chapter 2.1.3, the LDF parameters must be extracted from the photodetected signal coming
out of the photodiode by calculating first:

e The FFT on a fixed number of samples, in order to compute the power spectrum P(f) of the signal
® An average of the signal's voltage Apc based on the same number of samples as the FFT.

The experiment of chapter 3.1.4 is now useful to define an effective signal conditioning. Since the
frequency-shift only (reflected in the dynamic part of the signal) is significant for the evolution of the blood
parameters and the static part stays rather constant since it's dependent on the subject, the idea here is to
perform a high-resolution acquisition on the dynamic part only. Therefore, the static component has to be
filtered out before this acquisition. However, since the mean value of the signal (i.e. including the static
part) has also to be acquired, two different acquisitions (a DC-coupled acquisition and an AC-coupled
acquisition) will be needed as shown in figure 21.
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Figure 21

Conditioning and acquisition of the photodetected signal. It is first inverted, and the global acquisition takes place (blue).
Then the static component can be filtered out thanks to a high-pass filter (red), and finally the remaining dynamic part is
amplified and acquired (green).

The first inversion (yellow to blue) will be necessary depending on the components used for the signal
conditioning and acquisition. The multiplication by G, is necessary to match the dynamic signal's range to
the input range of the A/D converter that will be used for the AC-coupled acquisition; using almost the
entire input range of this converter will result in a higher accuracy of the sampled values for further
processing.

The electronic components able to perform the signal conditioning will be described in section 3.3.4.
Depending on the electrical configuration, some additional components will be added (anti-aliasing filters,
voltage limiters, etc.).

3.2.4 Signal processing

The processing of the signal after the two acquisitions will be done within a Digital Signal Processor (DSP). A
dsPIC33FJ256GP710 from Microchip is available: it's a high-performance, 16-bit digital controller with
among other things, some features like:

e Modified Harvard architecture

e C compiler optimized instruction set

e Up to 85 programmable digital 1/0 pins
e Up to nine 16-bit timers
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e Up to 2 Inter Integrated Circuits (I°C) modules

e Upto2 UART modules

e UPto 2 AD converters

e 3.3V operating voltage and low power consumption

e 30 KByte Random Access Memory (RAM)

® Can process up to 40 millions of instructions per second

If the latter is powerful enough to meet the requirements of this application, it will be used. The most
concern is the abilities of this device to compute the data after the acquisition, especially the FFT processing
that requires speed and memory.

At this stage of the design, it is difficult to predict any precise value since nothing has been developed so far.
However, some estimation can be calculated and will permit deciding if this DSP can be used or not.

Microchip provides a routine® to perform FFTs in devices from dsPIC30F series; since the dsPIC33F belongs
to a similar family of devices, it should be possible to adapt this routine for it. Among other things, this
routine offers the possibility to store the FFT results in the same location as the input of the FFT. For
instance, if the FFT is computed on 512 samples (i.e. 512 memory locations), another similar 512 memory
locations are not needed to write the results: it can overwrite the input data. This offers an advantage in
order to save memory in the DSP. With this routine, each computed value (either at the input or at the
output) has to be represented in a numerical 16-bit variable. Therefore, the absolute maximal number of
values that this DSP is able to compute with this FFT routine is, according to the memory size:

DSP RAM size 30 KByte _ 30-1024- 8 bit
FFT variables size 16 bit 16 bit

Max FFT block length = = 15360
Obviously, the computation of the FFT is not the only part of the processing that requires memory, so that a
well considered margin has to be taken into account in order to define what the max. FFT block length can
be.

This result shows, first of all, that this DSP is not able to reach the same calculation power as the existing
system [3] which performs the FFT on 16'384 samples. However, the results achieved after the tests of
section 3.1.5 show that performing an FFT on block lengths down to 1'024 can provide good results, and this
is clearly in the capabilities of this DSP. Therefore, the memory requirements are satisfactory enough for its
use in this application.

The second concern is about the time that the DSP takes to compute the FFT. The principle is easy to
understand: the FFT and following calculation (such as LDF processing) are done on a fixed number of
samples (block length); the whole process has to be computed in less time than the sampling of this
quantity of samples requires. For instance, the existing system [3] works with a block length of 16'384
samples and a sampling frequency of 242 kHz. Therefore, it takes

16'384

542 k2 =67.7ms

to sample the whole block of data. Then the FFT and LDF processing are computed on this block, and during
this time the sampling of the signal keeps running. That's why both FFT and LDF processes have to be

! Available from Microchip website (www.microchip.com), section dsPIC30F code examples, folder CE018

March 2008 CHARACTERIZATION OF THE SYSTEM 21



WIRELESS SENSOR FOR THE MONITORING OF ASTRONAUT HEALTH

completed in less than 67.7 milliseconds, so that when the new block is available, the last calculation has
been completed and the new block can be computed at its turn.

Even though the processing speed of this DSP is known, it is difficult, to predict how long the computation of
a whole block will require. The only way to find this out is to develop the algorithm and to perform some
measurements on the device. That will be done in the further development.

Based on the theory of Laser Doppler Flowmetry and the existing system [3], the LDF algorithm reported in
appendix 5, representing the calculation and process that has to be done by the DSP in order to return the
expected results, has been designed. In this application (LDF measurement on a fingertip), the limits of the
integrals reported in section 2.1.3 have been redefined, and a reduction of the noise has been taken into
account. This algorithm follows the signal conditioning and it takes the DC-coupled acquisition and the AC-
coupled acquisition as inputs. The outputs will be, as expected, the LDF parameters such as blood volume,
blood speed, and blood flow.

As described in section 2.3, the pulse-oxymetry measurement is based on the calculation of a ratio between
two average values; it doesn't require any special features like an FFT for instance. Therefore, this DSP will
be able to process this algorithm, as long as the lasers can be controlled. The global acquisition only will be
needed to sample the signal, since this measurement is not based on the analysis of the dynamic part of the
signal.

3.2.5 Wireless transmission

The wireless transmission between the embedded system and the remote control laptop will be using the
Bluetooth technology. On one side, the laptop just requires having the Bluetooth integrated (or an external
module as an alternative); this part is discussed in section 3.2.6. On the remote device side, the available
Parani ESD-200 module can be used: it's a module device for wireless serial communication using Bluetooth
technology. This module communicates with other Bluetooth devices that support the Serial Port Profile
(such as a laptop).

Table 5 summarizes the features of the Parani ESD-200 module:

Interface Serial interface

Serial speed 1'200 bps to 230'400 bps

Bluetooth version 1.2

Bluetooth profile serial port profile (SPP)

Power class 2

Power level Max. 4 dBm

Nominal working distance 30m Table 5

Supply current Min. 150 mA Main features of the Parani ESD-200
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All these features make the Parani ESD-200 ideal for this application: its serial interface is totally compatible
with the UART port of the dsPIC33F, and on the side of the laptop, the SPP protocol is appropriate to
interface any application with the serial port related to this Bluetooth connection. Moreover, it introduces a
delay no bigger than 30 ms in the transmission, which makes it appropriate for this kind of real-time
monitoring. However, it is necessary to make sure that this kind of wireless transmission offers a baudrate
that is high enough to transmit all the data without any interruption.

As a first approximation will be considered the transmission of the results of the LDF measurements from
the embedded system to the laptop. In order to improve this part of the process, it has been decided that
only the blood volume and the blood speed would be transmitted; the blood flow, which is just a
multiplication of the two other values, can be computed by the control application itself. Moreover, each
group of results corresponds to a temporal value which indicates when the result has been acquired and
processed; this value has to be transmitted as well. The Apc value will be transmitted from the embedded
device to the laptop too, since it is a very useful indication in order to verify that the measurement is
behaving properly (it is now known that this value should neither exceed a certain voltage, nor oscillate
more than hundreds of millivolts, therefore a different behavior can be a sign to alert that something is
wrong). Finally, even if the values to transmit are not clearly organized in a frame yet, a place has to be
reserved for a special symbol indicating the beginning of the frame and its content. Therefore, the symbols
or values to transmit each time that an LDF result is available are:

e Start of frame
® Time stamp

e ADCvalue

e Blood volume
* Blood speed

It has been decided that the representation of these values will be done accordingly to the IEEE 754
standard, single-point precision. The IEEE standard for binary floating-point arithmetic (IEEE 754) is the most
widely-used standard for floating-point computation, and is followed by many CPU (central processing unit)
and FPU (floating point unit) implementations; please refer to appendix 6 for further description. As an
exception, the time stamp will be coded on 32 bits too, as a standard integer value.

Finally, the frequency at which a "LDF results packet" containing the above symbols or values is transmitted
depends on the speed of the LDF algorithm, which depends itself particularly on the length of the data block
to compute. According to the previous section, the bigger is the block, or the smaller is the sampling
frequency, the higher is the interval of time between two groups of LDF results available, i.e. the smaller is
the frequency at which they will be transmitted.

Considering an unfavorable case where the block length is of 1'024 samples, and the sampling frequency is
100 kHz, the time interval between two transmission set becomes 10.24 ms, i.e. 97.65 Hz. Therefore, the
required baudrate for the wireless transmission can be calculated based on the five values, each made of 32
bits:

97.65Hz -5 - 32 bit = 15'624bit/s

According to the maximal baudrate that the Parani ESD-200 offers, the above required baudrate is fully
achievable. However, it has to be taken into account that other frames will be transmitted along with the
LDF frame that has been used for this approximation. They are, for instance, the results of the pulse-
oxymeter (if both measurements are running in the same time), in addition to some frames that will be
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responsible to maintain the connection status, or some commands or status will be sent respectively from
or to the laptop. These additional frames will not need the baudrate to increase significantly since they will
be either not very frequent or smaller than the LDF frame, that's why the development will start with a
baudrate that has been arbitrarily fixed at 57'600 bit/s. The baudrate that the total amount of data require
will be calculated during the detailed design and the value of 57'600 bit/s will be increased afterwards if
needed.

3.2.6 Control and monitoring of measurements

The last part to consider is the displaying of the results and the control of the embedded system from a
remote location. It had been chosen to use a laptop for this purpose, and the previous section confirmed
that the Bluetooth module offers a perfect compatibility with any laptop, desktop or handheld device since
it works with the SPP interface.

When the Parani ESD-200 and a laptop equipped with a Bluetooth interface are connected, the computer's
Bluetooth management system (peculiar to the manufacturer) allocates a serial COM port to this
connection. Any application can use this COM port, such as hyper terminal, to communicate with the Parani
ESD-200. However, the port's configuration has to be the same on both laptop and Parani ESD-200.

For a developer, the access to this COM port can be totally integrated in the application: no other software
is required to run the connection with the Parani ESD-200 (i.e. the connected DSP). For this work, it has
been chosen to develop the control application in the VisualBasic.NET language. In order to improve the
displaying of the results, an additional development tool (Measurement Studio, National Instruments) will
be used, offering the possibility to potentiate the graphical capability of the VisualBasic.NET application.
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3.3  DEVELOPMENT AND DETAILED DESIGN

The approach described in the section 1.3, the theory of the measurements in the chapter 2, and the
background of the section 3.1 are the basis to develop a new system starting from the concept explained in
the previous section. The latter confirms, by its calculations and approximations, that such a concept is
feasible. Therefore, the system has been developed based on this principle; many details have been
considered, several tests on subsystems have been performed in order to evaluate the strengths and
weaknesses of every option. The solutions providing the best compromises have finally been chosen and
the resulting system has been created. Among other things, the design of the miniaturized probe and the
processing board required a particular attention. Therefore, this circuit board has been developed by
manufacturing two versions of it (prototype boards 1 and 2): the first prototype was meant to be an
intermediate step to the final version and it was equipped with LEDs and test points to assess the correct
functionalities in an easier way. The second prototype that is described in this section is the miniaturized
version of the first prototype but without the unnecessary test components.

3.3.1 Set-up of the system

This section provides an overview of the entire system. The details of each part are explained in the
following sections. Figure 22 shows the set-up of the system; table 6 enumerates the corresponding
components.

Astronaut

Bluetooth wireless
transmission

Laser source A
780 nm

A
4

Laser source B
635nm

5VvDC

transformer
@ _______________________________ 1 1

Measurement control station

Figure 22
Final set-up of the system.
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Landmark | Device Section-nr.
1 Laser source A, 780 nm 3.3.3
2 Laser source B, 635 nm 3.3.3
3 Photodiode 3.3.3
4 Processing board 3.3.4
5 Miniaturized probe 3.3.2
6 Fibers combiner 333
7 Fiber optics 3.3.2
8 BNC cable 3.3.3/4
9 5 VDC transformer 3.3.4
10 Connection cable 3.3.4
11 Laptop 3.3.7
Table 6

Caption of the figure 22.

So far, the system is not battery-powered, but one single transformer (9) is used to provide a 5VDC voltage
to the two lasers and to the processing board. The photodiode (3), which requires a bipolar voltage of +12V
and the ground, is supplied by the processing board which generates these voltages. The laptop (11) is
powered by its own transformer or its battery.

The processing board (4) controls the two lasers (1, 2) (according to 3.2.2); it is able to monitor the
temperature of the lasers, to turn them on/off, and to control their output power.

The fibers originally coupled with the laser sources are combined together using a fiber combiner (6), which
is itself connected to the input fiber (7) of the probe.

The probe is in contact with the skin on the fingertip, shoots the light coming from the lasers into it and
collects the scattered light, that is directed to the output fiber (7) (similar to the input fiber). The latter is
directly connected to the photodiode (3).

The photodiode converts the received light into an electrical signal and transmits it to the processing board
(4) through a BNC cable (8).

Finally, this circuit board (4) processes the data and transmits them to the laptop (11) which is responsible

to display the results. It is also able to control the measurement by sending commands to the processing
board.

3.3.2 Miniaturized probe

The design of the probe has been based on the considerations of section 3.2.1, i.e. it has to fit in the glove
while, as much as possible, not to alter the mobility of the hand. The main requirements of the probe are:
e the probe has to be as tiny as possible

® |t has to be fiber-coupled

e the fibers will be placed parallel to the hand until it reaches the probe, but the light has to penetrate
and exit the skin perpendicularly
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Following from that, the fibers have to be well considered so that they offer enough pliability to fit in the
glove.

As a first prototype of this probe, the solution that has been carried out is an
assembly of two prisms and one mechanical part as shown in figure 24. The visible
part of the fibers (red) is made of the core of the fiber, the cladding, and the
external protection; the outer diameter at this location is 830 um.

The mechanical precision part (grey) is made of aluminium

and is responsible to maintain the fibers aligned so that the =

light can penetrate the prisms (blue) perpendicularly, as Flgure 23
3D-conception of the

shown in figure 23. Inside of this piece, just the core and iical probe

the cladding of the fiber remain (totalizing & 635 um): the

mechanical part protects it from external damages. 4 holes of & 650 um each allow

Figure 24 the fiber to fit in it only without the external jacket. Even though two holes would

Cross-sectional view of the have been enough for this application (only two fibers — emitter and receiver — are

mechanical parts of the needed), having 4 of them allows to test different configurations as a matter of

probe distance between the core of the two fibers.

In order to achieve a good contact between the output of the fiber and the prism, the jacket has been
properly stripped and the extremity of the fibers have been successively polished with sheets of 5, 3, 1 and
0.3 um abrasive grain, and eventually verified with a microscope.

Once the light gets out of the fiber, it is reflected at right angle by the prism. The finger is placed on the
upper flat-part of the sensor, the fibers going along the arm. The light is scattered in the finger and collected
symmetrically through the second fiber.

The three components are glued all together from the outer surfaces, where the probe is not in contact
with the skin. On the other side, each fiber is terminated with a standard SMA connector.

Each prism is 2 mm side big, and the mechanical holder is 4 x 2 x 4 mm, therefore the probe's clutter is no
bigger than 4 mm width, 6 mm long and 2 mm high. Pictures 3 and 4 respectively show the probe
assembled, and on a finger.

Picture 3
Probe after assembly

Picture 4
Probe positioned on the fingertip

Thanks to the 650 um diameter holes, this prototype probe can be tested with different fibers of which
external diameter (core + cladding) is up to 635-640 um. Fibers with different apertures will be tested as
well. Appendix 7 contains the technical references of the components used for this assembly, and
appendix 8 is the mechanical drawing for the manufacturing of the metallic holder.

March 2008 CHARACTERIZATION OF THE SYSTEM 27



WIRELESS SENSOR FOR THE MONITORING OF ASTRONAUT HEALTH

3.3.3 Optical set-up

The optical part of the system is made of the following components:
e one 780 nm laser from 0Z-2000 series, variable output power (max. 25 mW) (Laser A)
e one 635 nm laser from 0Z-2000 series, variable output power (max. 20 mW) (Laser B)
® two connection cables (one for each laser)
e two FC/PC - SMA adapters
e one fiber combiner
® one probe fitted with two fiber optics (emitter and receiver) according to section 3.3.2

® one photodiode

Figure 25 shows in detail how these components are connected together:

Photodiode

Laser source A
780 nm

Combiner

Figure 25 12
Optical set-up of the system

Laser source B
635nm

The lasers (1, 2) provide a high stability (wavelength variation < 0.1 nm; output
power stability < 0.025 dB) which is ideal for this application. They are powered
by an external 5VDC voltage provided through the connection cables (10) (red
and black wires). For each laser, three other wires (yellow, green, orange) which
respectively correspond to the laser enable, temperature ok and power control
signals, are connected to the processing board that is responsible to control
them (see picture 5).

Picture 5
Both lasers are fiber pigtailed (single mode fiber, 5 um core), and are terminated | ... 5 5nqB

by a FC/PC connector. Therefore, two FC/PC-SMA adapters (12) are required to

connect them with the combiner (6). The latter is made of multimode fibers with a 400 um diameter core.
On the other side, the combiner is connected to the input fiber (7) of the probe (SMA to SMA). The output
fiber of the probe is connected to the photodiode (3) with SMA connection as well. The photodiode is
powered from the processing board.

Table 7 below gives more technical information about the lasers and the photodiode, and the appendix 7
contains the technical references of these optical components.
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Landmark | Device Brand and model Features
Wavelength 780 nm
Max. output power 25 mwW
1 Laser A 0Z Optics, 0Z-2000-780-5/125-S-40-35-3A-1-25 Coupled fiber SM, 5 um core
Operating voltage 5VDC
Max. operating current 25A
Wavelength 635 nm
Max. output power 20 mW
2 Laser B 0Z Optics, 0Z-2000-635-4/125-5-40-35-3A-1-20 Coupled fiber SM, 5 um core
Supply voltage 5VvDC
Max. operating current 25A
Active area 3.0 mm
Photo sensitivity -1.5-10° V/W
3 Photodiode | Hamamatsu, C5460-01 Frequency bandwitch DC to 100 kHz
Operating voltages +12V, OV
Current dissipation (max) +45 mA; -16 mA
Table 7

Technical features of the lasers and the photodiode

3.3.4 Processing board

This circuit board (4) is not only one of the main parts of the system, but also a significant improvement in
terms of miniaturization: it is able to control every other main component such as the lasers, the probe and
the photodiode, to coordinate their operations, and to perform the measurement in a way comparable to
the computer-based system [3]. Its main features are the conditioning of the signal through several
electronic components, the data processing in a DSP, and the transmission of the results to the remote
laptop via Bluetooth.

The following describes how the prototype board 2 is made (last version at this date).

According to the general set-up of the system presented in section 3.3.1 and the details about the
lasers' control, the circuit board can first be considered as a "black-box" with the following inputs and
outputs (described in tables 8a and 8b):

+5VDC power supply ————p| [—————— +12VDC power supply

1
1
L—p----- P Wireless transmission of results
1
1

Signal ~—————| Lo - !

Laser A, enable

———» Laser A, power control
Laser B, enable

—> Laser B, power control

Figure 26
Inputs and outputs of the processing board
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Inputs Outputs

Name Type From Name Type To

5 VDC power supply Power Transformer +12 VDC power supp. | Power Photodiode

Signal Analog Photodiode Wireless transm. Radio Laptop

Laser A, temp. OK Digital 5V Laser A Laser A, enable Digital 5V Laser A

Laser B, temp. OK Digital 5V Laser B Laser A, power ctrl. Analog 0.. 5V Laser A
Tables 8a and 8b Laser B, enable Digital 5V Laser B
Description of inputs and outputs of the circuit board Laser B, power ctrl. Analog 0.. 5V Laser B

The conditioning of the signal prepares it for the sampling. It has to be done in a way that optimizes the
acquisition of the interesting data, while respecting the feasibility rules that the electronic components
impose. In this case, the scheme presented in section 3.2.3 is applied to the input signal: it particularly
optimizes the acquisition of the signal's dynamic variations.

According to the LDF algorithm of section 3.2.4, only the frequencies up to 40 kHz are interesting for this
measurement. Therefore, according to the Shannon's theorem which mentions that the sampling frequency
of a signal has to be at least the double of the maximal frequency that the signal contains, the sampling
frequency of this system has to be chosen 80kHz or higher. For this work, the arbitrary sampling frequency
of 100 kHz has been chosen; it satisfies this condition imposed by Shannon's theorem.

For the same reason, since the behavior of the photodetected signal is unpredictable and can contain
frequencies higher than the theoretical limit of 50 kHz (for a sampling at 100 kHz), an anti-aliasing filter has
to be placed in the processing chain, before any A/D conversion.

The block-diagram of the signal processing finally becomes:

DC-coupled
acquisition
Photodetected X N AC-cou
. -coupled
signal -1 N g Ga acquisition
Anti-aliasing filter High-pass filter Amplifier
Figure 27

Block-diagram of the signal processing

Hardware architecture of the board

Apart from the signal conditioning part described above, the circuit board also includes the DSP that is
responsible to perform the calculation on the acquired signal, a wireless transmission part, a lasers control
part, and a power management part. Figure 28 shows how they are interfaced together:
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Amplifiers
5VDC
> f 3V Y f 33V 2V
D/A
5V Bluetooth converter Laser A power ctrl
dul
module l 12V
A —
L 33V i 3.3V +12V
regulator >

3.3V Laser B power ctrl

-12v

—/ | +15v +12v E UART
[ regulator (O Laser Aenable
+12V
O Laser Atemp.ok
DSP
——O Laser B enable
-15v -12v E
T regulator ——O Laser Btemp. ok
-12v

i J; control

DC-coupled acquisition 3.3V

PN
+12v

R
el

Photodiode
supply

5V

Signal input HA\HZV ? S ? H2v +12V ? O

X A 16-bit A/D

(j? % > 0 O—Z—0 0 { converter —©
i -2y l Anti-aliasing -12vi High-pass eV l L v

filter filter Amplifier

Figure 28
Hardware architecture of the circuit board

The board is powered by a single 5VDC source. This voltage (provided by the external transformer) is used
without any modification for supplying the 5V-components, and is regulated down to 3.3V for some others.
The 5VDC is also converted to +15V and -15V first (DC/DC converters), and then regulated down to
respectively +12V and -12V for a use by bipolar components such as the amplifiers or the photodiode. These
converters can be enabled/disabled by the DSP through a digital signal.

The photodetected signal is connected to the board through a BNC cable, and its processing corresponds to
what has been discussed earlier in this section. The DC-coupled acquisition is done by the DSP itself, which is
fitted with several internal A/D converters (12 bits resolution over 3.3V in this case), and the AC-coupled
acquisition is done by an external A/D converter with a 16 bits resolution over a range of -10..+10V. It is
controlled by the DSP by means of three digital signals, and the data are transmitted on a 16-bit parallel
bus. For some reasons related to the prototyping, the high-pass filter can be bypassed.

The DSP can monitor and control the lasers through the three known signals Laser enable, Temperature OK
and Power control. The two firsts are managed with two digital outputs and two digital inputs. In order to
generate the analog signal related to the power control, for each laser, one external D/A converter followed
by an amplifier are used. The presence of the amplifier is justified since the D/A converters offer an output
voltage in the range 0..3.3V only. They are connected to the DSP through an Inter Integrated Circuits (I°C)
bus.

Finally, the Bluetooth module communicates with the DSP through the UART port. It consists of four digital
signals, two used to transmit or receive the data (Tx, Rx), and two for the hardware flow control of this
transmission (RTS, CTS).
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One last feature that is not related to the operation of the system is not shown in this scheme: the DSP can
be programmed from a computer through an interface called MPLAB ICD2 that connects the DSP through a
5-pin connector. Since this is a prototype (i.e. the algorithm and process have to be developed and can
change very often), it is necessary to have the possibility to modify the algorithm contained in the DSP.

This section explains in details which models of electronic components are used, what their features are,
and how they are connected and used. The corresponding electrical scheme is attached in appendix 9.

DC/DC converters (4a, 4b)

scheme landmark: U2, U3

Two DC/DC converters are used to generate voltages of +15V and -15V. The purpose is, afterwards, to
regulate them respectively to +12V and -12V for use by the concerned components.

In this system, two MAX629 from Maxim are used. They are low power DC/DC converters with internal N-
channel mosfet switch and programmable current limiting. They can generate a voltage up (down) to +28V
(-28V) with a current of 500 mA, and the switching frequency can go up to 300 kHz.

Figure 29 shows a typical connection for a positive output voltage:

N . e V_ is the power supply input that provides energy to the
10455V % component (not related to the conversion). In this system,
Ve —
SHDN
ISET
L]

e SHDN (active low) is a digital signal that is used to turn

it is powered at 3.3V
on/off the converter. It is connected to the DSP.
POL

MAXIN
MAX629

® SET is the input that sets the current limit. In order to
have a 500 mA current limit like in this application, it has
to be connected to V...

REF
N

S

G
% l e POL, the polarity input, has to be grounded for a positive
= = output voltage, or connected to V. for a negative output
voltage.
Figure 29
Typical connection of MAX629 for a positive ® REF is a reference output that is bypassed with a 0.1 pF
output voltage capacitor.

® GND is related to the power supply and is simply grounded

® FBis a feedback input for setting the output voltage. It is connected to an external voltage divider
made of two resistors that, depending on their values, set the output voltage.

e [Xisthe internal N-channel DMOS switch drain.
Contrary to this typical connection, the power supply input V.. and the "conversion input voltage" applied to

the top of the coil are not the same: the conversion here starts from 5V. Since separate supplies are used
for these two inputs, the noise injection onto V.. is reduced by isolating it from the switching transients.
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Manufacturer Maxim

Model MAX629ESA+
Package 8-pin SO

Input voltage before conversion (in this system) 5V

Output voltage after conversion (in this system) +15V (4a); -15V (4b)
Supply voltage (for integrated circuit functioning) (in this system) 3.3V

Max. current absorption ( for integrated circuit functioning) 120 pA

Required quantity 2

Table 9
Specifications of MAX629

The resistors dividers made of R, and R; for the positive output voltage and R; and R; for the negative
output voltage must be calculated as follows:

V.
o ()
re

Where V,;=1.25 V.

With R, =220 kQ and R; = 20 kQ, V,,: = 15 V (positive output voltage), and
with R, = 240 kQ, R; = 20 kQ, V,,; = -15 V (negative output voltage).

These output voltages are both satisfactory to be regulated respectively to +12V and -12V afterwards.

3.3V requlator (4c)

£ scheme landmark: U1

A low-dropout linear regulator is responsible to generate the 3.3V voltage
starting from the original VDC. For this purpose, a LM1117-3.3 of National
Semiconductors has been chosen. It offers current limiting and thermal
shutdown. Its circuit includes a Zener trimmed bandgap reference to
assure output voltage accuracy to be within £1%. This component doesn't
require any external adjustment to set the targeted voltage: it is designed
so that its output is fixed at 3.3V. Only two external tantalum capacitors are
needed to achieve a very stable voltage, as shown in figure 30.

LM1117=-XX

Vin Vour
| GND
10 uf *

I1OuF

Tantalum

T Tantalum

Figure 30
Typical application of a
fixed output regulator

LM1117 as a

Manufacturer National Semiconductors
Model LM11171-3.3

Package SOT-223

Input voltage (in this system) 5V

O